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SUMMARY

This report describes work performed in the School
of Mechanical Engineering at the Georgia Institute of
Technology under NASA grant NSG-2054. The project was
started in January of 1975 and completed in March of
1977. Two M.S. theses [8,28], which are directly related
to the project, have been published and it is expected
that at least one paper will be published in a technical
journal as a result of work performed under the grant.

The main goal of the work has been to study theoret-
ically the transient behavior of very low temperature heat
pipes. A powerful technique has been developed for pre-
dicting transient three dimensional temperature distrib-
utions and heat fluxes for heat pipes operating under a
wide variety of conditions. Radiating, conducting, and
convecting external environments can be handled. In addi-
tion, startup from the supercritical state can be accom-

modated.
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I. INTRODUCTION

A. Statement of Problem

Investigations into the performance of cryogenic heat
pipes have been in progress at the Georgia Institute of
Technology for several years.‘ In continuation of these
investigations fhé goal of this study has been to gain a
better understanding of the transient response of cryogenic
heat pipes and heat pipe systems. A method for predicting
behavior of heat pipes during startup or changes in thermal
transport has been developed. Included in the model are
provisions for simulating startup from temperatures above

the critical point of the working fluid. +\\\

B. Background

A heat pipe is a def¥ée that transfers large quanti-
ties of heat with a relatively small temperature gradient.
The containing envelope has an internal wick structure and
a liquid in near equilibrium with its vapor phase. The
phenomena of conduction and phase change are combined to
make high thermal conductance possible. The basic theory,
design, and operation of heat pipes are well discussed by

Cotter [1], Chisolm [2], and others.

As heat is added to the evaporator of a heat pipe



some of the fluid in the wick evaporates thus increasing the
vapor pressure. The increased pressure drives some of the
warm vapor to the condenser. The condensing vapor gives up
energy which is conducted through the wall and transferred
from the heat pipe. Due to evaporation the liquid-vapor
interface recedes into the capillary structure and thus
decreases the radius of curvature of the meniscus in the
heated end. Condensation on the capillary structure at the
cool end increases the menisus radius in the condenser.
This difference in radii of curvature creates the driving
force to pump the liquid back to the evaporator [1].

The heat pipe startup mode described above assumes
the vapor density at the ambient temperature is high enough
for a continuum flow to exist and that the capillary struc-
ture is filled with working fluid. Such startup is referred
to as uniform startup by Cotter [3]}. A second mode of start-
up occurs if the vapor pressure is low and molecular flow
exists at ambient temperatures. Heating produces a continuum
in the evaporator and transition zone between the evaporator
and condenser. Often the working fluid is in a frozen state
and must melt before startup can occur. This mode takes
about two and one half times longer than uniform startup
assuming the working fluid is not frozen prior to startup.
Non-condensable gases, when present in the vapor space,
creates a third mode of startup. During heating the non-

condensables are swept into the cold end of the condenser.
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This method of startup can be accomplished very quickly or
very slowly depending on the quantity of non-condensables
present.

At steady state, for some types of capillary struc-
tures, that part of the evaporator capillary furthest from
the condenser may be dried out. The wick geometry and
meniscus radius determine how much of the evaporator is
actively working. Colwell and Williams [4] suggested that
the axial vapor Reynolds number may determine the length
along which condensation actually occurs in the condenser.
Assuming a saturated wick before startup the development of
these phenomena do affect startup times. |

If the heat pipe is at a temperature above the criti-
cal point of the working fluid before startup, all of the
fluid will be in a single phase supercritical state. Before
the evaporation-condensation cycle can begin the fluid must

first be cooled below the critical temperature at the cool

end. Capillary action will then pump the liquid along the

wick back to the evaporator. The velocity of the fluid in
the wick is on the order of centimeters per minute [5]. The
entire heat pipe must be reflexed before any significant heat
transfer can take place.

In the design of a heat pipe system it is important to
understand the startup of the system and the response to a
change in power level. The parameters affecting transient

response of a heat pipe must be determined. The goal of



this project was to develop a technique for predicting the

startup and response times for various heat pipes.

C. Literature Survey

The performance of heat pipes in an outer space envi-
ronment was evaluated by Kirkpatrick and Brennan [6] using
the Applications Technology Satellite (ATS-F). They con-
cluded that for space applications heat pipes can be useful
temperature control devices. Sherman and Brennan [7] per-

formed a study of low temperature heat pipes for spacecraft

uses. Nitrogen and oxygen were determined to be best fluids
for operation in the cryogenic temperature range. The compos-
ite slab wick was said to be a reliable porous media for
present day and projected NASA applications.

Recent work at the Georgia Institute of Technology has
been directed to understanding the steady state performance
of a heat pipe similar to the one in this study. Hare [8]
performed a theoretical study of a performance of a cryogenic
heat pipe using nitrogen as the working fluid. Polynomial

expressions were developed for predicting the thermal prop-

on o S == O

erties as a function of temperature. Mass- and heat-trans-
port equations were combined to give capillary and sonic
limitations on the performance of the pipe and the thermal
resistances of each heat pipe component. A study was made

on the effects of changing the composite slab and wick

structure.

Colwell [9] used a similar approach to study the effects
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of fluid gaps in the circumferential wick. Partial dryout
and vapor Reynolds number effect were added through a sim-
plified approach. The effect of changing wall thickness,
number of wick layers and mesh size was also modeled.

A coupled heat transfer diffusion model was used by
Saaski [26] to model a gas controlled heat pipe. The de-
vice was 45.48 cm long with an inside radius of 1.288 cm
and used methanol as the working fluid. Experimental re-
sponse curves were compared with curves predicted with the
model. Agreement is very good, both curves reaching 95 per-
cent of steady state values in about 130 seconds.

In a study of the dynamic behavior of heat pipes Groll,
et al. th] determined that small power variations around
the operating point of a heat pipe present no special prob-
lems. The discussion is primarily concerned with heat pipes
in the 200 K to 500 K temperature range. A one-dimensional
model was developed for prediction of heat pipe response and
examples of normal startup and startup failure were presented.
Groll concluded that the dynamic response of heat pipes can
be adequately treated with a simple mathematical model.

Another startup model was developed by Cotter [3].
Linear relationships were found for predicting uniform start-
up and startup with non-condensable gases present. Various
modes of heat pipe startup are described and mechanisms which
might affect successful startup are discussed. From this

model the response time for most high performance heat pipes
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is between 10 and 100 seconds.

Chato and Streckert [5] ran a series of tests with a
water heat pipe. The device was 81.9 cm long with an inside
diameter of 7.62 cm. Experimental values of maximum heat
flux were in the middle of the range predicted by horizontal
wicking tests. During normal operation, temperatures in the
vapor region did not vary by more than 1/2 %. Attempts to
measure transients failed since the heat pipe responded
faster than the heating and cooling system. They estimated
the response time of the heat pipe at less than twenty seconds.

Smirnov, et al. [11] developed a model for predicting
startup of gas controlled heat pipes. Their calculations‘
were in good agreement with experimental results. The dynamic
response of buffered and unbuffered heat pipes was modeled by
Rice and Azad [12]. Their model agreed with experimental
data for a sodium heat pipe and for a water heat pipe.

To operate, a heat pipe must have a source and sink.

Any measured response must take the source and sink into
account. Should the heat sink radiate the incoming energy

a phenomenon referred to by Anand, et al. [13] as temperature
choking takes place. The radiating surface must adjust its
temperature up or down to be in equilibrium with the incoming
energy. This movement in turn forces the heat pipe to adjust
its operating temperature. The response of such a system

would be different from a system with a condenser bath for

cooling.



Calimbas and Hulett [14] ran tests on an avionic heat
pipe. The device used water as a working fluid. The inside
diameter was 6.35 cm and it was 60.96 cm long. Condenser
cooling was accomplished by a forced air heat exchanger. The
system took fifteen minutes to adjust to a change in the
heater level.

A water heat pipe with a glass bead capillary structure
was built and tested by Cosgrove, et al. [15]. Cooling was
accomplished by evaporation of methanol. A steady state
model was developed consisting of basic mass, energy and
momentum balances. Predicted values were in close agreement
with experimental results. After a change in power approxi-
mately thirty-five minutes were required for the system to
reach a steady state.

‘All of the literature indicates that heat pipes have
very small response times. Since the mass of heating and
cooling systems is greater than that of a heat pipe they
respond more slowly. Transient data from experiments reflect
the response time of the heaters and cooling jackets used in
the experiments. Any attempt to model such a system must
include an accurate model of the heating and cooling appa-

ratus.



D B o 4O O ¢ A8 M s ou s o N SN A A A O S

I1. THEORETICAL DEVELOPMENT

This study is concerned with a cryogenic heat pipe
with a composite slab wick. Geometry and physical charac-
teristics were suggested by the sponsoring agency. Dimen-
sions and materials are given in Table 1 and Figure 1. The
configuration of the composite slab and wick is shown in
Figures 2 and 3.

The response of this heat pipe has been studied on
analog and‘digital computers. A system of nodes is used to
develop a set of time dependent equations accounting for the
heat capacity of the system. Due to a limited capacity, the
nodal system used for the analog model is fairly simple and
limited to small transient. The model assumes constant
properties and does not include any effects of fluid dynamics.
The digital model includes a much finer nodal system and
fluid dynamics. Property equations in the program permit the
variation of properties with temperature. Both models pre-

dict response and temperature profiles for the heat pipe.

A. Description of the Digital Model

For the digital model the heat pipe is brcken into
its three main parts: evaporator, vapor region, and condenser

which includes the adiabatic section. Figure 4 shows the



Table 1. Dimensions and Materials for the Heat Pipe
Considered in this Study

Total length

Length of evaporator

Length of condenser

Length of adiabatic section
OQutside diameter of pipe
Wall thickness

Working fluid

Material of pipe and capillary
structure

Wick configuration

Slab

Circumferential wick

Fluid gap

.9144 meters
.1524 meters
.3048 meters
.4572 meters

.635 centimeters
.1015 centimeters

Nitrogen

304 stainless steel
circumferential wick
with composite central
slab

4 layers 400 mesh around
5 layers 30 mesh screen

2 layers 400 mesh screen

.003048 centimeters
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parts of the heat pipe and the nodal system used for solutions.
Rasic heat transfer equations are written for each part and
the equations are coupled at the boundaries.

A two-dimensional model of the evaporator has been
developed that permits temperature variation in the radial
and circumferential directions. Symmetry is assumed such that
only a 90° section is modeled. In this way the effects of
partial burn-out in the circumferential wick can be studied.

The vapor region is modeled as a lumped mass system.
The system includes the vapor, the slab, and the innermost
part of the wick along the entire length of the heat pipe.

The vapor temperature is assumed to vary only with time
having the same value in both the evaporator and condenser.

Condenser and adiabatic sections are modeled as two
dimensional in the radial and axial directions. This arrange-
ment permits study of Reynolds number effects and axial -
conduction.

Conditions at the surface of the evaporator and
condenser can be modeled in several ways. The surface tempera-
ture can be fixed, a known heat flux can be made to exist at
the surface, or an evaporator or condenser saddle can be
added. The condenser saddle can be cooled with a cooling

jacket or a radiating surface.

B. Solution Methods

Basic heat transfer equations can be written for each
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section of the heat pipe. The result is a system of three

coupled differential equations:

Evaporator:
2 2 2
1 BTE i 3 TE L1 BTE L1 9 TE . ) TE (2.1
o ot ar? T 3T T 3¢7’ az2
Vapor:
dTV BTE BTC
ey T T 2" Ty A Ky o *oenT oK, 5 (2.2)
T=ry r=r; .
Condenser:
2 2
1 BTC ) 3 TC L1 BTC . ) TC (2.3)
a at arZ T 3T 822

These equations are transient conduction equations and
do not account for fluid dynamics directly. As will be shown
in the next section, in uniform startup with a fully wetted
wick the time for fluid velocity response is very small. In
the case of startup from the supercritical, these effects can
be handled by manipulation of boundary conditions in the
nodal system.

The equation for the vapor region is first order in
time only. Finite difference techniques permit solving for

the vapor temperature explicitly at each time step. The
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equation can be written in finite difference form as:
n+1l n
e TV -TV _ %anEEKw NgE (7gD g n)
vy o n+l _.n NJE ax 1y i=1 NIE-1,j \Y
2mc 2K NKC
I1"C'w n n
* e L (TC - Ty) (2.4)
NKC ax ¢ 124 NIC-1,k 'V
Which can be solved explicitly
T n+l _ 2m 2E KW bt NgE (TEn - T n)
Vv NJE Ax mVCV j=1 NIE-1,] Vv
2m L. K At NKC
C 'w n R n n
* NRC i T kzl (TCNIC-l,k TV ) o+ Tv (2.5)

Note that the heat transfer into the vapor region is
equated to the heat transfer across the inner nodes of the
evaporator and condenser sections.

The partial differential equations that describe heat
transfer in the evaporator and condenser sections can be
solved with a grid system of nodes. The curvilinear system
is made rectangular with a change of variables. Details of
this variable change are given in Appendix A. A heat
balance 1is written for'each node equating net heat gain with
the change in temperature of that node. The resulting systems

of equations are solved with an alternating direction implicit

method.
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Two finite difference approximations of equation
(2.1) are used alternately to sweep through the evaporator
grid for each time step. These two equations are given by:

For the first half time step

1/2 n
TEn+ -TE. . K
2 i,] 1,]) - n+l/2 n+1/2 _ n+1/2
PuCpTs 177 2) = ZEZ (TEi+l,j + TEi-l,j 2TE, iLj )
K n 0
* (TE; TE: . , - 2TE} .)
Ay j+l i,)-1 i,]
KpTE? ; NJE . i2
TRE 21 TEY 5 - e, ) (2.6)
£ TER yA
j:l l!J

And for the second half time step

i TEn+1/2

2 i,j n+l/2 n+l/2 n+l/2
ppcpri tn+1 _ n+1/2* ZRY (TE1+1 ] * TEi-l,j ZTEi,j )

K
o Boo(rER*L e mEDD L oamenth
Ay i,j+1 i,j-1 i,)

r.2

' i3 TER . - 1c? )y (i) (2.7)
CRE— (I 1,17%,2

Note that the equations are implicit in only one

direction and this direction changes with each half time step.



18

The last term in each equation accounts for heat
conducted axially along the tube. An artificial node is
created at the evaporator end of the adiabatic section. At
each radial location the artificial node has a temperature
equal to the average temperature of the evaporator nodes at
that same radial location. This node provides a constant
temperature boundary condition for the condenser and adiabatic
grid. A weighted fraction of the total heat conducted
axially is subtracted from each evaporator node.

Casting equation (2.6) in a different form gives

At K At K
. P y TEMTY/2 . . P TER*1/2
(Z(Ax)z c.T 2 i*1,) (Ax)z c.T 2) 1,J
fpSpTi °ppli
At K At K
- 7 —7) TE?ti/g = (——B——) (TE] . )+ TE} )
2(Ax) ppcpri ] 2(Ay) pcpri »J ]
Bt K .
(1 - 2 2) TE- .
i,j
(Ay) opcpri ’
At Kp TEril n ; NJE
) (Zo c (Az)z) (e ) (wIE J'El 5,5 7 164,10 (2-8)
v TED .
pop JI) TR

This equation can be used to construct a matrix of
NIE equations for each value of j. Each equation is of the

form:



gt Y/2 g ppntl/2 o ppntl/2
1 1-1,] i 1,) 1 i+1,)

and the resulting matrix is shown below:

B, C, O 0 0
A, B, C, 0 0 0
0 Ay By Cg 0 0
o 0 0 -+ Ayre-1 Bnie-1 CniE-1
0 0o o0 . 0 AxiE By

19

D. (2.9)

NIE

This matrix is tridiagonal and can be solved with a modified

Gaussian elimination technique [16]. This particular sub-

routine permits any combination of boundary conditions at

either end of the array. A matrix is constructed and solved

for each value of j giving values at each location for the

first half time step. The second equation (2.7)
to construct and solve a matrix of NJE equations
value of 1. This solution technique is known as

nating direction implicit. It has the advantage

is then used
for each
the alter-

of being

very stable with respect to time and yet being fairly simple

to solve numerically.

A similar derivation in the condenser and adiabatic

section gives:
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2 etz . 20 E ) Tc*1/2
2(5x%)p c 1.2 i+1,k 5x) 20 c 1.2 ik
pp1 ppi
At K At K
) D n+l/2 _ . """ "p n n
(Z(Ax)zp c rgz) Tci'l’k (Z(AZ) p_C ) (Tci»k+1 ' Tci,k—l)
pp1 PP
At K n
+ (1 - ——P2 ) 1€ (2.10)
2 ik
(&z) N ’

In the formulation of the equations the thermal
properties are assumed constant. Expressions were developed
by Hare .[8] which permitted evaluation of properties as a
function of temperature. These expressions have been modified
to work with International units and additional expressions
have been developed for specific heats. Appendix B lists the
polynomials used. These expressions are used to calculate
new properties whenever the vapor temperature has changed by
more than a specified amount.

Special coefficients are required for the interface
of the pipe wall and the wick. These expressions are
developed in Appendix C.

The three equations were coupled at the boundaries.
Figure 5 is a schematic diagram of the computational grid
and boundary conditions. The temperature of the innermost
node of both evaporator and condenser is calculated as a part

of the vapor region and held as a constant temperature
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boundary for both regions. Due to symmetry both ends of
the evaporator grid can be assumed adiabatic. Also the
outer surface of the adiabatic section and the lower end of
the condenser are insulated. The vapor equation is in time
only and therefore requires only an initial condition.
Boundary conditions at the outer surface of the evaporator
and condenser can be modified to better model the total
system of which the heat pipe is a part.

Cooling of the condenser saddle can be accomplished
either of two ways. For a radiating condenser a heat balance

gives

aT
R _ ) ) 4
mpCp g = 2mToiche (Te-TR) - Apoelp * Qopace

which can be solved explicitly as:

n+l ZAthOAzhC NKC n n ARceAt n4
TR " e L (TCy1c,x TR 7 - e Tr
R™R k=NKA+1 ’ R°R
n
. Qs ace at s T 0
chR R

If a cooling jacket is to be used the following equation has

to be solved:

dT;

MeyCey T - 2"Totche (TeTeg) + mecge (Ty-Tey)
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or
o ne1 _ ZAtTrodzhg Ngc e Loy meC oAt g
- : S (T]-T¢;)
CcJ me3Cc3 K=NKA+1 NIC,k "CJ m-3Ccy I "CJ
n
* Teg

This equation assumes a cooling jacket as shown in Figure 6,
Both of these heat sink models are coupled to the condenser

with a surface coefficient.

C. Fluid Dynamic Effects

If the startup of a heat pipe is to proceed smoothly
fluid must be able to reach the evaporator capillary struc-

ture at the same rate that evaporation occurs. Fluid flow in

the slab can be modeled as shown in Figure 7. A one dimensional

momentum balance can be written for the case where evaporator

burnout has occurred:

) _ Mg mlL d .
— AC - K EE—KZ Ac = It (AC Lsz) (3.1)

1f the length is assumed equal to the distance from
the midpoint of the condenser to the midpoint of the evapora-
tor the equation can be solved for the velocity as a function

of time. The result is:
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20 0
V(t) = — % (1-e ) (3.2)
KuzrpL

From this expression it can be seen that the time
required for the fluid to reach a steady state velocity in
an initially wetted capillary structure is a function of
viscosity, inverse permeability, and density. For the
particular heat pipe under study the fluid velocity reaches
better than ninety percent of its steady state value in less
than 0.05 seconds. Although this model is no doubt over
simplified it does show that fluid velocities do develop
very rapidly and would present no problem to startup in this
heat pipe.

Velocity in the slab can be used to predict the
capillary limited heat transfer rate with

Qap = PVAc Pgg (3.3)
Heat transfer from the evaporator can be limited to this
value by restricting the number of nodes interacting with
the vapor region.

In simulating startup from the supercritical an
expression must be developed to predict the location of the
fluid as it is pumped back towards the evaporator. Assume
uniform and rapid condensation over the entire condenser

surface when the temperature drops below the critical value.
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Equation (3.1) can be solved explicitly in finite difference

form:

20 HLy 2
yntl | At ( L SR vy 4 yP (3.4)

p°e Pe

=

The length in equation (3.4) is allowed to vary with
time as the fluid moves along the slab. The location of the

fluid can be calculated from:

t
L =/ Vdt (3.5)
o)
or in finite differences:
ptlooopn o yntl g (3.6)

An initial condition is needed for each equation.

The initial velocity is assumed to be zero and the initial
length is assumed to be one half the length of the condenser,
measured from the midpoint of the condenser,

This length L, the distance from the center of the
condenser to the fluid front, is used to calculate the node
through which the fluid is currently moving. All nodes
containing fluid are coupled with the vapor region. Those
nodes still without fluid are insulated from the vapor. This

manipulation of boundary conditions, made possible through
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the use of the tridiagonal subroutine, permits any combina-
tion of nodes in the evaporator - or condenser to actively

working with or insulated from the vapor region.

D. Logic of Solution

The preceding equations were solved simultaneously on
a Control Data Corporation Cyber-74 computer. A flow chart
outlining the solution procedure is shown in Figure 8. The
computer program is listed in Appendix D.

After reading dimensions and initial conditions a
subroutine is called that calculates the properties and
coefficients for each equation. The time steps are then
started, each step requiring one pass through the program.
Each of the equations is solved in a subroutine.

For each time step the new values of the vapor region
and the heat sink temperatures are calculated first. These
solutions are explicit and use evaporator and condenser
values from the last time step. The new temperatures of the
vapor and heat sink are then used as boundary conditions in
the implicit solution of the evaporator and condenser system
of equations.

The same subroutine that solves for a new vapor
temperature also calculates the position of the fluid in the
slab and determines which nodes in the evaporator and
condenser are currently active. Because the vapor solution

is explicit and has 1little mass it tends to become unstable.
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A discussion of stability is presented in Appendix E. This
unstable tendency is overcome by allowing the program to
calculate a smaller time step for the vapor region and iterate
a sufficient number of times to complete the total time step.

The equation for the heat sink is solved in a separate
subroutine. This routine can handle either a radiating heat
sink or a cooling jacket. The solution is explicit but the
mass is sufficiently large that stability is no problem.

Both the evaporator and condenser matrices are solved
separately in the same subroutine. Inputs to the subroutine
are temperatures at each node, coefficients, and boundary
conditions. The subroutine calls the tridiagonal subroutine
for solution of each row of the matrix. This technique is
described in detail in references [16, 17, 18].

After each time step several checks are made. The
current vapor temperature is compared to temperature used
for calculation of property values. If the new value is
different from the old by more than 0.1 K new coefficients
are calculated using properties calculated at the new
temperature.

Another check is performed to determine if the system
is changing rapidly. If the system is changing temperature
at a rate less than that specified the time step is doubled
and new coefficients are calculated. Thus several different
time steps may be used during a single run. The response

time of the vapor region is less than the time steps normally
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used. This presents no problem since inherent in the solution
technique is the assumption that the system response is
linear across a single time step. Thus the vapor temperature
merely tracks the temperature changes in the evaporator and
condenser sections. However when the time step is changed
the vapor response is solved explicitly with evaporator and
condenser temperatures calculated for the old value of the
time step. The vapor temperature will then lag the rest of
the solution by one half of a time step slowing down the
respohse of the entire system. To correct for this problem
the change in the vapor temperature is always multiplied by
the ratio of the new time step to the old time step. In
essence this procedure amounts to predicting the temperatures
of the evaporator and condenser nodes that interact with the
vapor for the new time step. Since this change of time step
only occurs when the system is changing at a very slow rate
any error that occurs would be small, ’

In startup from the supercritical the average specific
heat of the slab changes as the fluid moves through it.
Whenever the fluid reaches a new node the values are calcu-
lated again taking into account the additional fluid in the
slab.

Values used for thermal conductivity of the wick are
a weighted average of the thermal conductivities of the fluid
and the screen. Effective thermal conductivity of the screen-

fluid combination is evaluated using the method of Williams
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[24]. Details of this development are in Appendix F.
Specific heats of the wick and slab are also weighted

averages of the specific heats of the components.

E. Description of the Analog Model

A simplified model of the heat pipe was used for
transient studies with an analog computer. This model
assumed one dimensional conduction in the radial direction.
Overall temperature drops and response times can be predicted
with this technique for small perturbations.

The approach used for the analog computer was to break
the heat pipe into nodes. A heat balance was written for
each node equating the net heat gain with temperature increase.
The result is a system of first order differential equations
in time with temperature the dependent variable.

Since the computer capacity was limited only five nodes
are used. Node 1 is composed of the outer half of the
evaporator wall and is located at the evaporator surface.

The inner half of the evaporator wall and the outer half of
the wick make up node 2 which is located at the interface of
the wick and wall. The vapor region, slab and adiabatic wall
and wick are the components of node 3 located at the inter-
face of wick and vapor region. Like node 2, node 5 is
composed of one half of the wick and the inner half of the
condenser wall and is located at the interface of condenser

wick and wall. Node 6 is the outer half of the condenser
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wall and like node 1 is located at the surface. Figure 9
is a schematic diagram of the nodes and their locations.

Equations for the six nodes are listed below. See
Appendix G for a discussion of scaling the equations for use
on the analog computer.

Condenser cooling is accomplished by means of a jacket
with a circulating fluid. An additional node, number 6
permits the modeling of this jacket.

The analog computer circuit for these equations is

shown in Figure 10.

daT 4r 9. K : 2Q
T ey Ty (2T * e (4.1)
°ppVpE o’ B p p'p
dT a1 L K
2 E'p
v = T,-T 4.2
at [OpCprE + pwcwvwE]ln(rO/rBj ( 1 2) ( )
4m 2. K
e Tary (T3 T2)
[ppCprE PuCwVwE B"71I
de 41 ZE Kw
= (T,-T,) (4.3)
dt [ppcpvpE + PuwSwVwE * maca]ln(rB/rIT 2 3
47 QC K
" To v o+ cwv *m_c_ JIn(ro/1) (Ty-T3)
op p pC PuCwVwe a a B I
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ITI. RESULTS AND COMPARISONS

The digital model has been used to model the heat
pipe studied by Saaski [26]. The heat pipe modeled had an
evaporator and condenser each 15.24 cm long and a 15.0 cm
adiabatic section. Methanol was used fér the working fluid.
The inside radius was 1.288 cm and the wall thickness was
0.080 cm. One layer of 200 mesh screen was used as a circum-
ferential wick. An air gap of 0.022 cm was maintained between
the condenser surface and the-heat sink for a per-unit-length
gap conductance of approximately 0.0443 W/cm-K. The tempera-

ture of the vapor region is non-dimensionalized by defining

ATV i Tv(t)-TVo
8Ty Tym Tyvo

where TVO is the initial vapor temperature and TVm is the
steady state vapor temperature. Saaski's data reaches 95
percent of steady state values in approximately 130 seconds.
The predicted curve using the technique of this study responds
more slowly reaching 95 percent of steady state in 160
seconds. Both curves are shown in Figure 11.

The digital model of the heat pipe has been used to

study three different cryogenic heat pipe systems. Systems
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are varied by changing boundary conditions on the condenser
surface. The effect of varying heat pipe design parameters
was studied using a model with the condenser surface tempera-
ture fixed. Other systems modeled used a cooling jacket and
a radiating surface as heat sinks.

Similar studies have been performed on the constant
condenser temperature heat pipe and the cooling jacket using
the analog model.

An even simpler model can be developed if the system
is assumed to be a lumped mass. Details of this development
for a heat pipe with a cooling jacket are given in Appendix
H. The result is a simple exponential equation. This model
should have a faster response than the more complex models,
since no temperature gradient must develop. A comparison
of digital, analog, and exponential models for startup from
isothermal at 100 K to a heat load of 15 watts is shown in
Figure 12. In each case the condenser heat sink is a cooling
jacket with liquid nitrogen at 100 K as the coolant. All
three models predict similar responses.

The digital model of a system with a constant condenser
surface temperature was used to study effects of varying design
parameters. In each case the heat pipe is initially isothermal
at 100 K. A heat flux of 15 watts is imposed on the evaporator
surface and the heat pipe adjusts to steady state. Table 2
lists the various cases studied.

Figure 13 compares analog and digital response curves
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Table 2. Parameters for Cases Studied

Case Modification
No.
1 Standard Heat Pipe as described
Table 1
2 Wall thickness .2030 cm
3 Wall thickness .4060 cm
4 Circumferential wick of 4 layers 400 mesh
5 Circumferential wick of 8 layers 400 mesh
6 Fluid gap .006096 cm
7 Fluid gap .012192 cm
8 Slab 2 layers.400 mesh
2 layers 30 mesh
9 Slab 8 layers 400 mesh

10 layers 30 mesh

In each case the heat pipe is initially isothermal
at 100 K. A heat flux of 15 watts is imposed on the
evaporator surface. The only modification from the heat pipe

of Table 1 is that listed.
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Figure 13.
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for case 1. The slower response of the analog curve is due
to the different nature of the nodal systems employed.

The effect of changing the wall thickness is shown in
Figure 14. Since the pipe wall is the major portion of the
heat pipe mass, any change would have a great effect on heat
pipe response. The pipe wall is also the largest thermal
resistance in the heat pipe. Thus increasing the wall
thickness requires a larger overall temperature difference.
The time required for this temperature profile to develop
slows response.

Increasing the number of layers of circumferential
wick aléo increases the steady state temperature drop from
cvaporator to condenser. This effect as well as the added
mass slow response as shown in Figure 15.

Figures 16 and 17 show the effect of changing the size
of the fluid gap and the éonfiguration of the composite slab.
As the curves show the change in response time is very small.

Due to the nature of the model the response takes the
same time for any heat input. Figure 18 shows the response
for a heat input of 5 watts and 15 watts. Also shown is the
response of a heat pipe to a power change from 5 to 15 watts.
Each curve is for a heat pipe with a constant temperature
condenser. In all three cases 95 percent of total change is
achieved at the same time.

The thermal properties used in the model vary with

temperature. The effect of this phenomena on response is
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shown in Figure 19. All three cases show an initially
isothermal heat pipe with a constant condenser surface tempera-
ture. A heat flux of 15 watts is imposed on the evaporator.
Curves are shown for startup from 80, 100, and 120 K. At the
lower temperature the specific heats are smaller and the
response is faster. At 120 K the capillary limitation is
less than 15 watts. The effect of capillary limitation is
also shown in Figure 19. The developmeﬂt of the overall
temperature difference is shown in Figure 20. Note that at
120 K capillary burnout causes evaporator temperature to
1ncrease rapidly.

A heat pipe system with-a cooling jacket and one with
a radiating surface are compared in Figures 21 and 22. Since
the heat leaving the radiating surface is dependent on the
temperature alone the response time is much greater. This
demonstrates the phenomena of temperature choking referred to
by Anand, et al. [13].

Startup from the supercritical is shown in Figure 23.
A heat flux of 5 watts is imposed on a heat pipe initially
isothermal at 130 K. Cooling is imposed at the same time
with a jacket with a coolant at 100 K and a surface coeffi-
cient of 1000 W/mZ-K. The evaporator surface temperature
climbs sharply until fluid reaches it. The temperature falls
rapidly and the heat pipe begins working.

Figure 24 compares wicking velocity calculated using

equations 3.4 and 3.6 with velocities from the work of Symons
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(27]. For both curves the working fluid is methanol. Since
the capillary structures are not the same the velocities do
not agree exactly. However they are of the same order of
magnitude.

Wicking velocity in the composite slab is shown in
Figure 25. The velocities are much larger than those of
Figure 24 because of the nature of the composite slab. The
effective inverse permeability is relatively small due to
the presence of the 30 mesh screen yet the pumping pressure

is relatively high due to the outer layers of 400 mesh screen.
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IV. CONCLUSIONS AND RECOMMENDATIONS

This study has developed a technique for predicting
transient response of heat pipes. Predicted response curves
were compared with experimental data from the literature and
agreement was good. Results from the digital studies have
been compared with those from more simple analog and exponen-
tial models and trends are found to be similar.

The analog model provides a good method for estimating
response for small transients. Because of the large node
spacing and assumption of constant property values the results
are not as accurate as the digital model and the effects of
fluid dyﬂamics and stértup from the‘supercritical could not
be included. An attempt to improve the analog model would
have required more analog computing capability than was
available.

A much better technique for modeling transients is
provided by the digital model. Thermal properties are allowed
to vary with temperature and the effects of fluid dynamics are
included. It was found that in accurately modeling experimen-
tal data it was difficult to account for responsé times of heat-
ing and cooling systems and the added masses of instrumentation

and insulation. A simple approach was developed for including
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startup from the supercritical.

The stability of the alternating direction implicit
solution procedure was found to be very good. (See Appendix
E for a discussion of stability.) The program remained
stable for time steps as large as thirty seconds. Had an
explicit solution of the same node system been attempted, time
steps on the order of 10-? seconds would have been necessary
to maintain stability. With the ADI method some oscillations
would occur near the boundaries when the time steps were
large and the system was changing temperature rapidly.

In any continuation of this work many improvements
could be made in the computer code to decrease running time.
In addition the equations which are used to predict wick re-

priming after dryout could be improved.
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APPENDIX A
TRANSTFORMATION OF COORDINATE SYSTEMS

It is convenient to transform the cylindrical
coordinate system that describes the heat pipe to one that

is rectangular. In cylindrical coordinates 7T is

35T, 13T , 1 3%T , 8’1
ypl T 9T T 3.7 0 7
Make the following substitutions
X = ln(ro/rI)
y = ¢
zZ = Z
Thus
0T _a_ 1ty _afT 1 1 et
BTZ 0T ‘T 9x aXZ ;7 ;7 X
3°T _ 3%t
36°  ay?
a1 _ a7
7 T %

=)
™~
Q
(3]
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Substitution back into ?ZT

P
o

-3

@

1 3°T 1 8T , 1 aT , 1 , A%t
7.7 T73%x Tiix .7 .72
T 93X T T r- 3y 9z
or
1 8%T , 1 a%T, a°T
2.7 7.7 .77
T 93X rT 9y oz

This transformation simplifies calculation and makes finite
difference approximation of the equations easier. Figure 26

shows the result of this transformation.
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APPENDIX B
THERMODYNAMIC PROPERTY EQUATIONS

In his thesis Hare [8) developed polynomial expressions
for the thermal properties of nitrogen and stainless steel
as a function of temperature. A least squares regression
analysis program on a Wang 720 calculator was used. These
equations have been converted to International units and are
presented here. Expressions for the specific heats of
nitrogen, stainless steel and aluminum Qere developed using
the same technique and data from references [23,25].

T = temperature in degrees Kelvin

Properties of liquid nitrogen

Density (Kg/ms)

o, = -5.7784 x 10710 17 + 2 45356 x 1077 7% -3.49017 x 10°° 715
+8.3300 x 1074 1% + 2.7794 x 1071 T3 -3.10677 x 10 T2
+1.31038 x 10° T - 1.94571 x 10%

Viscosity (N-sec/mz)

b, = -2.25319 x 10711 14 46 541176 x 107% 13 -5.51203 x 1077 T2
+2.708099 x 107 % T +1.0352966 x 10 °

Surface tension (N/m)

o, = 1.026812 x 10°° T% -3,919365 x 1077 T3 + 5.631364 x 10" T

3

- 3.804096 x 10°° T + 1.1066907 x 101
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Heat of vaporization (J/Kg)

h. = - 3.25198085 x 10°° T°©

fg
Z 1% 1.3994675 x 10

4 T5

T2 4

+ 9.1831855 x 10
1

3.4922526 x 10
3

1.9701130 x 10> T2 - 1.005187 x 10° T + 2.0678544 x 10°

Thermal conductivity (W/m-K)

-10 .5 7 4

K, = 3.586226 x 10770 T° - 1.6795344 x 107/ 1% +
3.120013 x 107> T - 2.8859648 x 107 ° T +
1.3152021 x 10°2 T - 2.182878
Specific heat (J/Kg-K)
¢, = 5.543145 x 10°% 7% - 1.0804305 x 1071 TO +
1.2632769 x 101 T - 6.500754 x 10% T + 1.4495738 x 10°

Properties of 304 stainless steel

Thermal conductivity (w/m-K)

2

K, = - 2.25468 x 1074 T2 4 9.99792 x 1072 T + 2.2549

Specific heat (J/Kg-K)
2

2

C, = - 1.037895 x 10° T2 + 4.982373 T - 1.5772696 x 10

Specific heat of Aluminum (J/Kg-K)

5 3 3 52

- 4.3008433 x 10 ° T +

2

C = - 8.1727423 x 10 ° T

Al
8.9683338 T - 2.8647838 x 10
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APPENDIX C

WICK-WALL INTERFACE NODES

Due to the change of variables used (see Appendix A)
nodes are spaced exponentially through the wall and wick.
It was found that for best results three nodes were needed
in the wall and two in the wick with one for the interface.
The wick nodes are smaller than the wall nodes and a scale
factor SF was calculated so that the same value of DX could
be used. Figure 27 shows nodes near the interface in the
evaporator.

To place the fourth node on the interface of the
wick and wall an artificial radius had to be calculated.
This artificial radius was then used for calculating the
locations of all nodes in the wall and the scale factor for
the nodes in the wick.

The artificial radius 1s given by:

(NIE-1)
r 1/(NIE-1) (2-NIE)
0
Tart ?E

Wick nodes are smaller than wall nodes by the factor

SF given by:

SF = % (NIE-Z)ln(rB/rI)/ln(rO/r )

art
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Figure 27. Wick-Wall Interface Nodes



A heat balance on node 4 gives:
1/2 n
TED" /¢ - TET . X
2 Ax+SFAX 4,3 4,7 _ P n+l/2
Ty PyCy bzby | > ) ;n+1/2_tn X Aybz (TE 3,3
Ke o (e /2 L ggn ;E pp (LXESEAX) qpn
EX SF °Y°zZ S, j 4,3 y -z 4,j+1
TEY . . - 2TE} .
4)3'1 4:3)
which can be rearranged for the subroutine to give
K_ &t K. At
-( L P TES }/2 o1+ o ,
2(6x)°(1+SF)p e T, | 2(8x)“(1+SF)p c 1,
Ky ot [En*1/2
2(8x)“SF(1+5F)p ,c TR
P4CqTy
K, At n+1/2 _ Kp Aot n
! 2 7) TEg 577 = 7 7 (TEy 541
2(4x) SF(1+SF)p4c4 4 2 (Ay) P4C4T4
n n .n
TE4,J._1 ZTE4,j) + TE4’j
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APPENDIX D
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75

85

20¢

3ne

43¢

650

PO AA MATY (THPUTWOUTPUT,, TAYES=INOUT,, TAPZF=0YIPUT
1o MATAGEABIZ= AT AL LTS T TAFSZ=LTICST)

DTATHSIIN Ton 2T TR 6 7 ) o TS 20, D030 ) (T {20 FUT )l T
Lo AT (o) BTC I a1 A G AY TR 20 JAYF Ue s 32 JAXC(B,32) ,4AYC (H,430)
Lo B l3O) oiX TR e T CYF (B4 T o OXCHG, T )W CY LRI04 AXD IR ,PST2(6)
1 L,LV L)

rO 449% iT.(‘l.CI";.IE.VV'TC-TQVQIF-’)?-”,EV-"F."'(‘.P‘M('NI{.NJE-NIC-NJC
Lo lAdFl g LWFr LD LA G CX Tyl Y g CXC W UYC » Vs Vo TL T L ASU, 35S XL CC, ICRITY
1y Y W AY LAY T LY, AV AV A8, IS, 4GP0 I, CINnalF 810
1,07, 21255,07 |‘}T0|IX|K"0;'[10‘ﬁ-(ctuYCQCL!“JAQCPESISI
T T o7 ¢ TF il «+HETA ,PORPSTY

PEAL LeKLyMNDOT ,KF o HFG KW

W2ITI(5465)

FO24A4T ("INPUT CASE NUMBF ')

2EA(3,%) NO

WPITZ (0,75

ENIAAT I IMPUT NTLNOT™)

PrANISy*)RT,NDT

W2[Td (A, A5)

Fo=4aT CINPUT MONTLFMACSS, IS NTCL AR, TI,rRESIST™)

PCAN (S4*) MDUT,PMASS,AIS5,71F AR, T ,CFESIST

WeIT-I(R,1:M)

FORULT('TYPE 1 TO INPUT ALL OATA*)Y

RIALDIS,*) INPUT

[FODPUTNELLY G0 TO 25¢C

WPITZ [5,700)

FORAAT ("INPUT HIZ GyMIZWHIC HIC,NJA')

"REA) (5,%) NIF.VNJEvf"ICONJCv”JA

W2ITe (5,330)

FAZaaT (“INOUT TSILTET,TVILTCILTRI™)

RTA4) (5,*) TSILWTETLTVI,.TCI,T21

HRLTZ (b,yal3)

FORMAT (“INPUT LWFELLBOsLWFr,LNA")

PCAY (By*) LWFELLROGLHFC LNA

W2 ITZ(6,L50) :

FORMAT{"I'PUT WT,QF,RF ML, ICTA,PORSTY" "}

CEAD(S4*) WY UF4RF4NL,RBETA,POFSTY

C INIVIALIZ- VALUSS

25¢
3s¢

So¢

£T=

TS=TSI

30 2 )=l.NJc

0N 1 [=1.NIE

TZ(l,J)=721

CoNTTINYS

Ty=Tyl

N« [=1.NIC

N3 3 J=14.NJC

TCtL,J)=TC1

CONTINUL

=711

XL=41624

50 T0 35¢C

rafL NDAreaIN

0va=071

TT=2,

WOLITE (3,502) MASS,AE,MDOT

EOZNATISY ("MASS NF HZAT STNK" FLLe34IX"K0O AFPTA",F1i,.3,1YX,
1M e e I TUFLCA PATE® g 2X (10215, 6, TX,"KG/TEC™)

L]
72 o5 T=i.H1:
ATCilr=3."
NN H J=te gt
ATZUL)N =TT o1 2T (T
AT-(D) =T {1 /7FLOATINYEY
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KA, 72
Iy pr=:
SEIRERR
NFE=,,9{4°=.5
9F=1.55:-75
PO25TY=,5935
SMAS=1.E¢22
LWFCATLHF
W2LTTE8,5721M0
W02  FCIMAT(TIL"CAST KUMIES™ ,T14)
fALL 2424478
iP5.h537 =887 e o104 4CAR(1R-TT )
faLL DuTPuT
C STFART 147 CYSLSS
N0 10N u=1,M07
[COT=T00U T
IF (LAFI,.TALWFZOY GO TO 22
CALL PA2AMTS
neTyY=Ty
LWFLC=LAFG
6N 17 Al
20 [FABS LTV =-02TV).LT.s1) GO TO 30
SALL PA2AMTR
DPTy=Ty
GO TO 33
] IF(A3(IT=51,LT,.0CL1) G2 TO 8¢
IF (=LY Mo e% gt
47 [F A3 ((2-TPO) =, 2130508 4Ad
59 TC(ARS (TVY=TYOY =, 0010V55,80,80
56 NT1=2+NT
IF(DT=3.070,7. 460
60 RRER S
79 CALL PA2AMTE
DPTY=TY
89 ET=TT4NT
N0 3. I=1,NIE
9] AXGONT TN = CTC (] ,2V=ATZ IV Y *LXF/ (DYC**2*NJETR*C*ATEL(I N
TRD=T13
Tyo=Ty
CALL VAPOR
CALL CIILZRUAC s IC+CCTTy TO ¢ NJGoNJA o TR4EM, AR WGIP ,OR 4 QCDY
GALL 521027 (TFLAXELAYS,CXE 4CYTNIE (NJZ,AXCON,
LA L Ty Tl oa TSelurlasl avleda2¢2+d4CIEyt ey LHFELLDD)
PO 11 T=1.N1%
AT=(IVv=543
00 1. J=i.NgE
19 ATZ(IV =T (L, JY*RT LT
11 ATS(II=AT (I /FLOATINIE)
CALL 5RAVED (10, AXCoRAYCCXCsCYRWNTICNICATC,
BTG TV T’ ea TP uvlenl eaalals2sNIALCIC,CUCHLWFC,LNA)
NJAPL=NJA+]
IF (ICJU4T.EN.SY GA TO 12
60 T 1°¢€ 7
12 TALL JUTPUT
10AURT 25
1005 CONTINUL
GaLL Daragur
AL
N
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&3

LY+

72

SU2dT e 2a Ty
NIH L STIN T (P27 TC LA 20 G A T(E T AYT (AT L) 4 84CIHTI),
IAYCAUR, 3 ) U Ry LY g CYZ (B350 4 CfC LR T ) OYE(GL20) 4 ACCAN(GY
1,05124(%)
oMU fT-rq-713v'?vIVoTCvqucIoocqufv.7CQ.£PQX.NI:.WJE|NICQNJC
S LA T LAF L gL LA G OX L YT 3y OX L, OGS ooV Y, TLL L VASUZSSUWXLCCLaIROIT
Ly ALY AN AY D AN IV AS 43S, L0 NN CTIELCIC, ALIFLAIC
CeMUIT W ARG T W TG IX G KE G P 0 XCe DYCW Ly JACFESIST
TaWT L OF g «F oML s *T1A,ROCSTY
RIAL LKL MTO T, KF GHF G MW, 1P AN
CTv=Ty
IFteTv,.sT,125%) ~Ty=126
VISCOSITY {4 SI/«%%2)
XMY=2=2,25219-112CTV2446,.501176E-0%CTY*23=-C ,512( 2 -74CTV**2
1 $2,77RI91T-52CTy+1.(35c36H°=7
SURFACY TANIIONN iz
STLMA= L, 1262127 -9%CTV oL =, 7919365F«H6*CTV®*34,563126uLE =42 Ty
1 =339 2=-2°0TW+1.1.50G1 77 -1
INVERSS PTIa3TLITY QOF SLAED (L/v=*2)
FX=3.45559
PORE 2ANBIJS (M)
ROS7I=149.5=H
DENSITY OF AIPC WalLL (KG/ %2 3)
2=73:17
SeICIFTS HIAT OF PIPE WALL (WATT SEC/KG K
C=2=14. 378957 <240 TV®¥244,G9082373140TY],5772696F2
SPECIFIC HIAT QF SADILE (wATT SIC/4G K)
CS==8e17270427C=5%CTVR 23t 20 RGIT2~33CTYS*2+5,26233382CTY
1 =2.4H47838°72
QUTSIOc RADITUS OF 2IPE (M)
R0=.0.535

EMMISIVITY AF HIAT SIHK
THu=,72

HZAT PIPE TOTAL LENGTM (M)
TL=.2 4u

EVAPORATOY LENGTH ()
FL=..524

COMDENSIR LINGTH (™)
CL=.3 43

VAPRE JIMSITY (KG/u** 3)
RUOY=Y .40
SOICIFT. HIAT NF VAPNP (WaTT SEC/KG K}

Cv=1172.73;

2A=29-4T

Pl=<d-4. J*RF*NL-RETA*(NL=1.T)

PSuUM=_,:

NIz=IHT (L)

A7 LTl =1NI

FI=FLIAT (]

TE2424L00 (RN (FIel )P Lo 0*PF=(FI=1,0)%dCTA)/ (RO=4 (*FI*RF=-{FI=-1)
CelrtAN)

PSUA=T Z2HePSUM

TANTTINY L

SU4a=23)M

e RsRY e IR

NM1=NI =1

N3 w2I=1, 14

TI=TLAT(IY

To24=aL)0 (- et I *F[*RF« (FI=1,))*SFTAY /(S 0=-L.(*FI*RF-FI*BETA))
RENVEES AL Y- LY

CONTINUA

SUM=PSIN

IF{NM1.20.0)50MY= 0,0



C S I DX, 17,0000y AND NY
NlcAal=ME=1
NI A2 =]
NIRA2=HIr=?
UNESPEAFERS
NICHL=NT10-1
MJCMI= UG-
PPIGUSE(=0** (L /FLCATLHTAM2Y )7 (CnY >
L FLOATIMN T2 7L T=FL AT T T2y

DX S (ALY (20 /- 0GySYY ZFLDAT(HTE2)
Y T 28, 23 I/FLNATL Yy
JYC=AL)ILE2R7-99GUSH) ZFLOAT (NI CM2)Y
IWWC(TL-TLYZ7FLOAT LHYNI* L -1)
C THaZFMAL CHONUNTIVITY OF STATRLTSS STEAL {WATT/M K)
CFz=2.2%0Uns = *TTYR%2, +2,0074u2 =23 TY42,25u9
C THECHAAL LINOULTIVITY OF LIQUID MITROGEMN (WATT/M K)
KL=350232262 =1 3°CTVR2S L =1 JA7THRTLUI=720TY®% 0,
C+3,02 J13_ =620 TV*e3,0=2,4457044c-3#CTVs*D, 041 ,3152021c=-1*CTV
C=2.,18%2374
C THZ-MAL CONJUCTIVITY OF SC208N (WATT/M K)
1y KASXL/ZUUDFEZ 020028 1% {2, C*(KL/KFY+(DFZ (2, *PF)
L2l b 2, 28K/ UUDPF/L2 00 XFII e ((KL/KFY* ({2 ,0%F)/
CUOF=-2.C*C) 1,001 ) XL/ (2. *2F/({F=2.,0*QF)+1,()%%2,"
C THZTHYAL CIVNIUGTIVITY OF WICK (WATT/M k)
TXAZ (AP SUMASKLBSUMT) / (SUPASSUAR)
C DINSITyY 7F LTIYJIN NTIPJGEN (KGrussd)
PO ==5.7746 =1, CTIV** 742, U515 -=72CTYS*6=3,4Q9517 53 TY**5
L 48,03 Pl CTY 2442, 779LE 12TV * 3T, {IRTTEL*CTY*e2
Lol LR CTY=1,96571 4
C OENSTTY JF AICK (KGris®)y
AHIN(SIMA*(PTISTY®RHDL ¢ (1,=-POSTYI*R)+SUMR*FHOL) / (SUMA +SUMB)
C SPECTIFIN HAZAT NF LTITUIN NITROGEN (WATT SEC/KCG X)
CPL=3.5+4 3 038~ ur TV 0u=1,.3363355=13CTY**3+1,26327H5351%CT VY2
1 =65 7502 2%CTV+1,0L4357297y
C HIAT OF VA2IRTZ4LTION (WEIT SEC/ KG)
HFGz=7,25.9% AST=-H%(TY»+649,1RI1AERI-yL3(TYssE
1 =3.43225252-227TY®*4=-1.39UA7Sc+1*CTYS*2
1 #1037 501350 ¢3%CTY®*2-1,C.51875+45803TV
1 ¢2..A735u4LZ+¢
2002 FI24AT {uc15.5)
C SLAG PRIPIITICS
I La=7,617%-0
DILYIER,,2145 -0
NL A=
ML =6
CA=.5%05}
TNz2.6532
EOCTHNAL= (MU <L W7 C) ZHICMY
MO23LA =2, *TL"PI* (DCLASHLL{TA*PHOL *CPL*FPCTNWL+ (1 ,-EA) *R>C)
1 €00 iONLI*IZL2SHOLANOLS P TN ¢ s =R 3R2(C) )
C SPECIFIL H4TAY OF THT WIGK (WATT S:C/KG X)

CH=(1L =PI TY I8P 0OCTYSNOL*cHOL)/Z((1,-PChSTYI*DePORSTY=*INOL)

CAZ(CUSTUNLS AP LASUMINZ (SUMALSUMD)

WITTZ03, 2000 AL LPLFFITHNWL,,AHIL
C  DIMINSIONS A7 SACLING JUACKLT (W)

RCO=4i1n7T

RrLI=..133

W=, 3814

PMANSLET LLlFe oL P Qn=2a0r[822) 42 *CH* (ROCP*2-kN*42) )2 (R

1 ¢CLoHE 222020 )200L*RHIL)

IFIDIT.LTel.5=-7) GO TN 11

IMASS= 24A5SL

(oA |

LD B )
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11

10¢
2u6

10022

30cC

Cr=ndr+rag

CLTaxr# 1T/ or s a2 snmed )

CI=0T /0w _SIST/Z(PeCH X2 ,%00)

LBC=0 310 0L* 2N /I0ZEGIST)

AC=2NT/ {44850 )

ATT == *RI0 /(76,2432 T1L)

ANzt Fr o« 25101/ 0X0%20)

AGUz20 0 IOMA/(2P0E%0H0L )

NSz IR M/ ZHAOL

DA * ST ML T I (NLAMREL A NLABDELRY #2HL/
(RPN IMIKEXMYMTL-(SLeTL) /20D ) *HF G

20 20 I=14nIcn2

L=NIZ11-1+1
RSIZIIN=A%NNAUS*(ON/RPICUSI * S (CLJATIL=-2) /NILMZY ) *=2
DO Li. J=zlatJrf
ANFUT,J)=<FeDY/{OXTes28C 2(0nD #2512 (1))

ABYZ(I ) =KFeAT/(NYCRe2%D8C22 #QSTI2 (1))
CYS{Iyg =X (1,1

Y Ly dy=aYs (1,0

CONTINYS :

SFx,5¢NT 2% ALO0G{SAPT(PSI2(NIT2 1 /20 /70 0GICC/PAQGUSH
RI2=0[**2

RNTIA12=(F00US*(RPO/PNCGYSI®* (T/NIFM2/2)) %2
DINL2=FI# ISURTUIRSIZ(NIEM2Y) /2]) 2,75 ) %e2
PSIZUINTIMLIY=(CI*(SGEATICSTI2(MIZ42V) /O] ) %= G)»5p
XNSHz({2STI2INITH2) -RINMO2Y *RHORACH + (TNIML 2-BSI2(MIZM2Y)*R*C)/
1 URNIML2=-71HMD2)
AVITIRA®ITE2, 20V L/ (X2 2 {2H0V TL* (3. 1041612~
12,220 ¢SUPTHK ) *CY+ACPSLARSTL*(FINMNZ=-RI2)
2 3.1L14%CH)*SF)

IVzTKA*NT 2, 26 28 380YC/ICXC*{EHOV*TL* (3, 141E*F] 2~
12 .21 3LBTHQ)* ) MCPSLAG+TL*{RINMN2=RTI2)*

2 JLlLlR*CWYESH)

IXSINTAVANJE+AWEN L) 410

AV=AV/FLDAT (IXY}

AY=Ay/FLCAT(IX)

GVTKA®IYT®- L/ (IXE *SF)

HRITI(2,2104) PHASS,CH«MCFSLAR,CS

FNR4AT (2513,5)

N0 35 J=1,MJF

AXTONIZ A2 Y) =K FENT/INXZ*828 YONSHS(] ,+SF)*P ST (NIEM2))
CXIINTZAZV I =TT/ (DX #2222 DGHY (| ,eSC)#RST2(NIEM2)*SF)
AYZ(NTZA2,J) =KFPOT /(X2 ®28XNSHP2 32372 (NITM2))

CYFANT LMW ) =AYTINTIT M2, J)

CXEINIZIL, JY=TRIBNT/{OXI®R2¢SER828 CURENOWA2*RST2INIENL))
AXZAMIZA1GYI=CXYSANTTML, )

AYZI(HIZTHL ) sTKWS DT/ (Y ** 29 PHORECH*2 . *P]2)
CYTUINTIIMLILI) =AY NIt )

AXTUNIT U =RST2UNTIZML) /E T2*CXT(NITNL, U}

CYI NIz )V =2X2HUNIT o )
AYIINTIIZJI=TRKWODT /(Y2822 S2HOW*CH*2,%212)
CYTUINIZLJY=AYE(NTE WU

na 500 I=si,hICH2

MY wae I=1eMJ7

AXGCOL, DN=XF*OT/(NXC**C*8C*2,*RSI2 LI
AY iy N=KFE/{DVYCPs2208 82 )

CYS (L. =ax0 (1,00

CYC‘I‘J.zavb(I'J’

74



60C

[P ——

e ___
ge;':'roduged from \‘
‘__eiiva:fabli—iopy. %l\\\\\\s

—_—

CONT I

I BTN RS { N 1

AXUC(H] S4C Ve FeNT /Ny Zes2exnNTqe(],+3F)*CST2INICH2))
AY UL L AL V2T T/ YRI5 A% A2, )
AYC(HICA2, 01 =nF2DT2{NYC**22XI5H*2 )

CYCINLILIZ ) =AYLLNISH2 4 )

CYZIHINL 3V =AYC(HICHL )

CYCUNI I I =TKAR AT/ (TACH*28YNSH? (L, #SC)*RST2ININM2Y*SF)

CXCUHINAL, D =Ty *NT/{AXC»»285F 2828 0 s uNW*2*FSI2(NICML)Y
AXTCATCHAL D =CXCEHITHL )

CYLUNIN Y =TKW ST /(Y2228 DHNWeCHE2 )
AYC(IITe ) =CYC TG L))

AXS(IICJ) =PSTIMHTEMLY /R I2%CYCINIC ML I
CXO(NT T JYZAYO (I )Y

ReTU

END
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29

16¢
20°¢

24

23

37

4s
59

55

EEL

76

SRSy ARG

JIA M IH T T T La s 70y g A CT AR 30 s AYT (5 30 yARG(HRITI),
TAY S 37 yCX e, 3TV NY T (€0 T2 W CXC LRI I L OYN(E 3014 AXCONIS )
1 ,22701%)

COMATY T TS I T, TV Ty T2y Ik AP 40V NCRWCHMAX yHIT G MJE JHIG, NJC
Lol AF T LR T L0 LNA X E CYF  PYN CYC OV TLaFL ASUSASUWXL,CCyICRIT
Lo A gAY XL LY Ve D o Sy DT W ECHBN W CITHZCICATE,ATC
1o 0T e 2 S T Ty I e KF (P Ty O NYO UL s HJACFESIST
ToWTyUb 4T F sy iTTA,L,PRZGTY

PIAL LKLy MNCT o KF ¢ HF G e W

QTN 23

XLz g7 (L7880 SITIYI/orAXY ) )

XLNAZ (4N ="J8) 20V /IMAXENJA+]

LRI T XL+ INT (2,0 (YL PN TNT(XLIANY))

TE (UsN, AT (HYVeL) Y LPO=MUF ¢1

LNAST IV UNAY + THT L2, * (XLNA=THTIXLNA))Y)

TFALNALLEC (R e LIINBND TO 101

IF (LYA.OT,(NJE+L)) GC TO T2

GO 12 2:¢

LNA=NJA+ 1

5N 10 2%

LNA=NJ A2

NJACL=NJa+]

SUATC=0.1

e 28 J=NJAPL,NJC

SUATZ=SUMTC+ TG TIICML . J)

SUATC=SUMTSZFLOAT (NJC -NJAR)

IF(SUATC.GT.125) GO TO 5¢

IF(ICRTIT.LT. LY 50 TQ S5

N2 29 [=t.1000

VeOT/72)]10 .2 LASU-SUPV XL =-V*32) /XLeV

XL=XL+Y*DT/172¢C,

CONT I

TFIXLGT {TL-CL/24)) IGRIT=(

LAFZINTIFLOATINIC-NIA) 72+ [T UL/ IYC 4 TINT (2% (XL/CYC-INT(XL/DYC)Y))
1 +1

LWFC=NJT =L 0F

IF(LWFC=-NJAY 35,70, 30

LWFE=NJa

GO T 45

IF(LWFC=1) L_yL54u5

LWFC=1

XL3I= (XL =TLOL/2¢E L) /eL*NJF

LAO=INT(XLO)# INT (2% (XLOAC-INT(XLAD))) +1

TFILGd, T tde sl LRO=MJT et

GO T2 35

LWFR=NJS

L20=1

Icarr=1

COANTINUT

TF (L1J.€0.1Y GY TO 120418

Q VY=,

SCV (1) =,.5"CV

ACYINET) =50V

NJT AN T

N0 498 J=z2.MNJ141

0y LYy =ty
I70=2
na 12,3 J=1.N0%

IF (IRJ.E7148) U2 10 1G.u¢
VEYZ0"VIIN BT 4TS g V= TR (NI, )) ¢NEY
IF (Q3veLT.fmAYY GO TO 2237
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1?

11

13

1t

16

eC

21
22
23

24
25

25

49
aa7

InRIT1=214
L7d=Jet

fAT T
LT [N

[V et I
AVIT Y=Y,
AVITOVY=),
AVITR=),1
L7IM1=0130~-2
LAl = in=t
LWFIPL = UFI+
LMF Y i=eWTo+t
TRCTISIFLOATILONMLI~LWFSDL41)
CACTIVI=FLJAT(LNAMI=-LWFOFL+1)
[F(LTILIWLWFZIOL) 60 TD 14
NN 1. J=LAFFPL,L39M)
BVETEY =AY TTIVTZ(NIF, J)
AVET-2AYFIZeT T MNIT =1, D)
AVIT-y=AVETIV/EACTIVE
AVTT =aJiTE/TANRTIVE
IF (NJ7=-L7IM1)11,103012
SARTIVE=¢ &CTIVO~, 6
IF (2=L4FZP1N1A13,13
SACTIVE=ZACTIVE=W5
GN 19 15
FanTIvVE=",.7
IFILYa.LZ.LHFLPL) GO T0 24
I L IELWTLSL L LNE YL
BVITCVEAVITOV T (NI )
AVTTOAYVETCICININ-1,0)
AVITRY=AV-TCU/CACTIVE
AVITO=AVEIC/CAanTIVE
IF (g -LhamM1121,21,22
CACTIVY==FACTIVFE=-,5
IF(?'L"”‘—COI) 2‘7123.23
CAGTIVE=CACTIVE=~,6
Gn 10 25
CACTIVIZ=( W3
Tyd=Ty
nn 25 I=1,1IX
TYAY*SACTIVER (AVETT =AY TAv=-TY+TVD) ¢ TV

+WELACT IVES(AYETC-TVO-TY+TVO)
TY=(TY=TyN) 20T /7T26TVC
nrn=pPT
WRITI(Z,L0L2C LHA,LWFC,V,XL
FOA2MAT (11 4,2016.,5)
FO2AT{.E15.58)
EXS MIER
END
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SUITNATINT COLLTY (’."."'n[T'T.JJJC.*JJf\'L"E'ﬁ‘quP.OJQJC?'
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N L0 JEHJA L, MU

SUMT =547 4T, J1=-TR
NN-zA*SUMTZELCAT(NJC="1JA)

S=1e (I ReAIR-17) +72

R UL

IND
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8070

170?

21
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701
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IF (LJ1-2) 246,e15,1103
o0 19 [=2,N11
DtIy=34101

.
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GN TO 436

LTY=LIt

ATN=ATL

CONTINDT
IF(L=LWTYR] 4627 ,50"
IF(L=LN 72,620,600
LIN=2

ALN=C.7

60 TN )¢

LIJ=CIN

AIN=AT

CANTINUG

70 1253 I=14N1
A(IY=AX(T,1)
CUDY=CtT, )

CALL =<IJACHE (AL DNI S F WL INsLTIO,
1AINALDWRLLQIM)

N0 4l J=2NJe

D0 25 T=2,MIM1

DEI) =Y (T ) *T (T Jei) ¢AY (T, 01T, =1}
1 #01.=aY (I, J)=CY (T 4J)Y*T AT, 1T (T 00%AXTALCD)
on 37 I=1,%1

TCL =1 =AC])
IF{J=IAY 20040014, 208
LIn=2

AIMN=C,2

A0 TN %71

LIN=LI

aTnN=aI1

cCOIrTIY=
IF(J=_WF)ANL,671,501
IFCY= RN 701,020,601
LI9=2

ATY=2541

so T3 4.4

LIN=LIM

ATQ=AT4

fONT [T

NN L1e.1 T=1.N1
BTy T, 0
CATY=3x(1,4} -
TALL CINCHT (LT e DTy I FaWd LINGLIOD,
IATNGALOGITIL NI}
CONTIMNYT
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Ll DD = (e =20 ey (L NPT UT o) #2 *AY AT NUYPT (T \NJ-1)
1 ¢ TT, Y AXTELCTY

47 e 39 I-1,NI

33 TCLyad=2)=40D)

TR INJ-LATIRI246220522
512 IE(IY-L3CI7 " 2.R22,A52
612 LIN=2

ATN=2.2

GO 10 ;2
7C2 LI=LIM

AIO=ATH
892 CANTINYS

CO 2.2 I=1.HI

A{IV=ACXIT NS
1002 CUDI=CNUtT M)

CALL 20ACHE (A0 eI NI T FoW,LIL,LIO,

187146101011, 01IM)

nn & T=1,N]
4R TOIHII=WLT)
C MAXE J SWIZP

ITF (LIL-?) 53,511,572

49 N2 5 Jsil.NJ

59 neyr=at:
57 19 55

51 na 52 j=2,.J%1

52 DY =01 =2 *LX L1y I T Jh o2, %01, JP*T(2,U)-CI1"AT1
53 TO 55

53 DO 54 J=2.NJIM)

192 TF{J=-J0)232,272,3C2
292 LIN=2
CIN=T.2
GO TN Wil
302 LIN=LI
CIN=CI1
uoe CCHT I
DOUI=(1,.=2,2AY {1,J)=2 *CINI2T{1,J) 2,58 X(1,J}*T(2,+J)
14 (2,*CINI* 211+ T L N *aXTAL(YL)
54 IFLLINGIG. LY Ntgy=all
nn Li2% y=L1.8J
Al =AY(L. )
1003 Cctd="Y(L,9)

55 CALL 2NACME (A CoNyHdvEsFad LUl LIM,
TAJLLL) yd U4, N1 ,,AUM)

56 NO0 7¢ I=2.u1%:
NO 5. J=2+1J¥L

60 DU =S T oY 2T e 0 AN (T JYoTH{T=1d)

Ll AT U =X (T D IST LT 4TIy J)*LXTALCT)
N 55 Jz14N)
65 T(I-1,J1=4d(D)
N0 LI J=i.NJ
A =aY(I )
1904 CON=CI(I..
CALL FIACHT (A0 D NI T FyHsLILalIM,
TAJLIIY AUMLC I 0M)
£ conurinys
€ PTCK AATINM BIYLDARY NOMNIITION
NN 75 Jz1eMy
IF(]'LJ'-)’.)- 7"’:'

72 IFCI=-L1)) 70, 73,73

73 DI ={Le s P CX INT W)V )BT IKT Y 42%AX INT DV T{NI=1,J)
1 ¢TUNT YV *AXTALI(NT)
Gn 19 75
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TR

D0 =4TH1

OONTT UL

NI Ha J=1,Hd
TINI=-1,4)2W )

10 1705 J=1.NJ
AlJry=avinNI, )
CLJV=NYUINT L)

CALL POACHE (A, 0 yNIEWFad  LJI1LJIM,
TAJLINIV, A4, NULGIM)
N0 74 J=1.KHJ
T(NT W JI=W )

PETURN

END
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1=
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LAY =S (1Y 207N
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G0 10 9
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ALY = (F (MM e/ AMYZ (0L, #A4) 78 -F (MM))
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ENCAAT O
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FORAAT (5X ("CCNAINSER GPID™)
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PIANP ST INITWNJE ¢ NIC W NJC W NJA
PIAM 275 LAFE LR LAFCG, LNALTCRIT
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APPENDIX E

DISCUSSION OF STABILITY AND ACCURACY

OF NUMERICAL TECHNIQUES

,

The technique used for solution of the vapor tempera-

ture 1is essentially a one dimensional heat balance of the

form:

, n i n
i i Tiep * By Ty * (3-A+B) Ty

For stability it 1is necessary that [16,17,18]

(Ai + Bi) <1
All elements of A and B are fixed except the time step.
Thus the time step must be adjusted to maintain stability.

In solving for the vapor temperature the coefficients

A and B are calculated. New values are then defined by



The solution is then iterated (A + B) times to complete
one time step.
The alternating direction implicit method used in

2 ty%) [16].

this study has an accuracy of O(Atz,Ax
According to a von Neumann stability analysis the

method is unconditionally stable [16,18]. However in

practice this method, although it does permit larger time

steps than standard explicit method, will become unstable

if time steps used are too large.
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APPENDIX F
CALCULATION OF THERMAL CONDUCTIVITY FOR THE WICK

Since the wick is a composite of screen and fluid
gaps, a method must be developed for estimating its thermal
conductivity,

The thermal conductivity of the fluid gaps 1s given
by the polynomial expression given in Appendix B.

The thermal conductivity of the screen was calculated

using the method of Williams [24].

- 1
Ke = Ko 3 R
7 (2 g v g - 2
T p Tf
2
T3 X 7T
7£— (K&) [g—rgg— + 1]
Ts % £ 4Tf
1
¥ 2r
£ 2
T

The overall thermal conductivity is then a weighted

average of the values for the screen and fluid. Weighting

factors are given by
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NL
% screen = I ln[(rB-(4rf+B)(N-l))/(rB—dNrf-(N—l)B)]
N=1
NL-1
% fluid = I In [(rp-4Ntg- (N-1)B)/(rp- (4rg+BIN)]
N=1

Total thermal conductivity is calculated to be

K, = K, (5 screen) + K, (% fluid)
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APPENDIX G

*

ANALOG SCALING

Due to the nature of the analog computer equations
must be scaled before they can be solved. This scaling is
accomplished by making a change of variable. Each variable
in the unscaled equation is non-dimensionalized by some
maximum value. For example the unscaled form of equation
4.1 is:

dT,. dmig K 2Qg

= P (T,-T;)
dt opcp va In (rO/rB) 2 1

“p pVpE

Make the following changes of variable:

TH = T-Thin
max min

Q. * Q——QE

E max

t*=_.t_—
max

gives
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(Thax Tmin) 47¢% - dr g Kp (Thax Tmin’ (T_%-T.%)
EJ
tax dt ppCprE In (rO/rB) 2 1
*
+ 2QE Qmax
°p“pVpE
which can be simplified to:
dT, * 4 L. K_t
. % - " *E “p ‘max (T,*-T,*)
t QpCprE 1n (rO/rBT 1
2 Q t
N max max Q. *
p_CV -T E

PP pE(Tmax min

Similar scaling for each equation gives a new system of
equations that differs from the first in only the time

scaling term.
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APPENDIX H
DERIVATION OF EXPONENTIAL MODEL

Assume entire system approximated as lumped mass

with composite specific heat. Then

dT _ .
mpCr g7 % Qy * mecp (T;-T)

Define T* = (T-TI). Equation becomes

C dr* | Q - mec . T*
Prlr IE IN £°f

This first order differential equation can be solved

to give .
MeCr
Q M
T = _IN ¢ )
MmeC s
and
= 7 %
Qour = MgceT
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